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ABSTRACT
Recent observational studies of ultra-compact dwarf galaxies (UCDs) have dis-
covered massive black holes (MBHs), with masses of more than 106 M, in their
central regions. We here consider that these MBHs can be formed through merging
of intermediate-mass black holes (IMBHs), with masses of [103 − 105] M, within the
stellar nuclei of dwarf galaxies, which are progenitors of UCDs. We numerically in-
vestigate this formation process for a wide range of model parameters using N-body
simulations. This means that IMBH growth and feedback is neglected in this study.
We find that only massive IMBHs of 105 M sink into the central regions of their host
dwarf (≈ 1010 M) to be gravitationally trapped by its stellar nucleus within less than
1 Gyr in most dwarf models. We also find that lighter IMBHs with [1− 30]× 103 M
sink into the centre in low-mass dwarfs (≈ 109 M) due to more efficient dynamical
friction (DF). Additionally, we show that the IMBHs can form binaries in the centre
and, rarely, before they reach the centre, which may lead to the IMBHs merging and
thus emitting gravitational waves that could be detected by LISA. Finally, we discuss
the required number of IMBHs for the MBH formation in UCDs and the physical roles
of stellar nuclei in IMBH binaries and mergers.
Key words: galaxies: dwarf – galaxies: evolution – galaxies: disc – galaxies: kinematics
and dynamics – black hole mergers
1 INTRODUCTION
Ultra-compact dwarf galaxies (UCDs) are very compact stel-
lar systems that were discovered in the Fornax cluster of
galaxies about two decades ago (e.g. Hilker et al. 1999;
Drinkwater et al. 2000). With their typical sizes of 10 - 100
pc and masses between 106 to 108 M (e.g. Drinkwater et al.
2003; Has,egan et al. 2005; Mieske et al. 2008) they link glob-
ular clusters (GCs) and dwarf galaxies. However, they were
shown to be distinct from both because of their lower sur-
face brightness to core luminosity ratio (Drinkwater et al.
2003). Various physical properties of UCDs, revealed by ob-
servation, including internal structural properties, star for-
mation histories, and age-metallicity relation, have shown
similarities to both GCs and galaxies for different UCDs
(e.g. Evstigneeva et al. 2007; Mieske et al. 2008; Hau et al.
2009; Brodie et al. 2011; Norris et al. 2015). As a conse-
? E-mail: henri-ette w@web.de
quence, it has been suggested that there might be several
UCD subpopulations of different origins (e.g. Norris & Kan-
nappan 2011; Brodie et al. 2011). Although several forma-
tion mechanisms have been proposed for UCDs, including
tidal stripping of nucleated dwarf galaxies (e.g. Bekki et al.
2001; Mayes 2019), merging of star clusters (e.g. Fellhauer
& Kroupa 2002), and starbursts in super-massive molecular
clouds (Goodman & Bekki 2018), no theory is yet to explain
these observations in a fully self-consistent manner.
The observed mass to luminosity ratio, which in most
UCDs is about twice as large as that of galactic GCs
(Drinkwater et al. 2003; Brodie et al. 2011), is an important
key observed value that needs to be explained by the forma-
tion scenarios of UCDs. Different causes like a top-heavy
stellar initial mass function (Dabringhausen et al. 2009),
dark matter (Baumgardt & Mieske 2008) and central mas-
sive black holes (MBHs) (Mieske et al. 2013) have been pro-
posed as an explanation for these enhanced mass to luminos-
ity ratios. The latter is especially interesting as MBHs have
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been observed in UCDs recently. Evidence for three MBHs
has been found for Virgo Cluster UCDs through dynamic
modelling (Seth et al. 2014; Ahn et al. 2017). Similarly,
Afanasiev et al. (2018) found evidence for a 3.5 × 106 M
MBH in the centre of UCD3 in the Fornax cluster. From
the mass to luminosity ratio of a sample of 49 UCDs Mieske
et al. (2013) estimated that about half of the UCDs could be
expected to host a central black hole (BH) with a noticeable
effect on observations.
The obvious question to ask now would be: How did
those MBHs get there? Although UCD formation processes
have been investigated in previous theoretical models (e.g.
Bekki et al. 2003; Pfeffer & Baumgardt 2013; Mieske et al.
2012; Afanasiev et al. 2018), the MBH formation in UCDs
formation is yet to be fully explored. The two main forma-
tion channels proposed are: UCDs as the most massive star
clusters or nuclei of stripped galaxies (e.g. Mieske et al. 2012;
Afanasiev et al. 2018). Mieske et al. (2013) proposed that
the MBHs could be inherited from a progenitor galaxy from
which the UCDs could have formed. However, there are no
theoretical studies about the formation of those MBHs yet.
If they are indeed inherited from a progenitor galaxy, we
should have a closer look at the properties of BHs in dwarf
galaxies.
In the centres of many galaxies evidence for the exis-
tence of MBHs was found (e.g. Urry & Padovani 1995; Ko-
rmendy & Ho 2013), many of which coexist with nuclear
clusters (Graham & Spitler 2009). The formation of these
MBHs is yet to be understood and many different forma-
tion scenarios have been proposed (Volonteri 2010). One
interesting scenario suggested by Ebisuzaki (2003) is that
MBHs could have been formed by intermediate-mass black
hole (IMBH) mergers. While plenty of evidence for MBHs
has been detected, only few promissing IMBHs candidates
have been found (Mezcua 2017).
Similar to the MBH formation there are different hy-
potheses for the formation of IMBHs. They could have
grown from stellar mass BHs due to accretion and mergers
(Barai & de Gouveia Dal Pino 2019), however, a collapse of
a massive Population III star (Hirano et al. 2014), the direct
collapse of a gas cloud (Lodato & Natarajan 2006; Tanaka &
Li 2014) or runaway collisions in dense metal-poor clusters
(Devecchi & Volonteri 2009; Mapelli 2016) are also possi-
ble scenarios to form an IMBH. A more detailed overview
over different proposed IMBH formation scenarios can be
found in Mezcua (2017). Little is known about the number
of IMBHs in dwarf galaxies. Mapelli (2007) derived an upper
limit of one IMBH in the disk and up to 1000 in the halo of
the gas rich dwarf galaxy Holmberg II by comparing simu-
lated X-ray sources to observations. It is, however, unknown
what the limit of IMBHs in dwarf galaxies is in general.
The purpose of this paper is to investigate whether the
MBHs in the centres of UCDs could have been build ini-
tially from IMBHs within the nucleated dwarf galaxies, from
which UCDs can originate. Using numerical simulations of
nucleated dwarf galaxies with IMBHs, we particularly in-
vestigate the dynamical evolution of IMBHs in their host
dwarfs. We try to find out whether the effect of dynamical
friction (DF) on our IMBHs is strong enough for them to
spiral into the nucleus before the galaxy is tidally stripped.
We also investigate whether they can be trapped there and
form a central cluster in which they could merge to form
Table 1. Description of the basic parameter values for the fidu-
cial galaxy model.
Physical properties Values
DM mass 1.0× 1010 M
DM profile NFW
Virial radius 12.3 kpc
c a 16
Dwarf morphology disky
Stellar disk mass 3.6× 108 M
Gas disk mass 0.0× 1010 M
Stellar nucleus 1.8× 107 M
MBH number 10
MBH mass 1.0× 105 M
MBH growth Not included
MBH-ISM interaction Not included
 (DM) b 131.9 pc
 (stars) 5.9 pc
 (nucleus) 0.5 pc
Mass resolution (DM) 5× 104 M
Mass resolution (stars) 360 M
Mass resolution (nucleus) 180 M
Time step width 1.41× 105 yr
a c is the c-parameter in the NFW dark matter profiles.
b  is the gravitational softening length for particles.
an MBH. Although previous observational and theoretical
studies discussed the physical relationships between stellar
galactic nuclei, MBHs, and their host galaxies (e.g. Bekki
& Graham 2010; Antonini et al. 2015; Georgiev et al. 2016;
Capuzzo-Dolcetta & Tosta e Melo 2017; Arca Sedda et al.
2019), we focus exclusively on the formation of MBHs in
UCDs (i.e. stellar nuclei).
The plan of this paper is as follows: In section 2 we will
describe the model used. We give a short overview over the
code used in section 2.1. The details of the simulated galaxies
and IMBHs are explained in 2.2 and 2.3 respectively and
we describe the main parameters used in section 2.4. We
show our results in section 3. We discuss the efficiency of
DF in section 3.1, what fraction of IMBHs was trapped in
the nucleus in section 3.2 and the binaries we found, that
potentially could lead to mergers, in section 3.3. We discuss
whether IMBH mergers alone are sufficient to explain the
formation of MBHs, the potential formation of gravitational
waves (GWs) and future work in sections 4.1, 4.2 and 4.3
respectively. Finally we present our conclusions in section 5.
2 THE MODEL
2.1 Simulation code for IMBH evolution
In order to investigate both (i) the dynamical evolution of
dwarf galaxies and (ii) the orbital evolution of IMBHs within
their host dwarfs in a self-consistent manner, we adopt our
code for direct Nbody simulations used for the evolution of
GCs in dwarfs (Bekki & Tsujimoto 2016, BT16). Since the
details of the code are given in BT16, we here briefly de-
scribe the code. The gravitational softening length () can
be chosen separately for each of the components in a galaxy
(e.g., halo, disk, and nucleus) for the adopted numbers of
particles of the components. The maximum timestep width
c© 2005 RAS, MNRAS 000, 1–??
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Table 2. The model parameters for dwarfs and IMBHs in simulations. mp is the mass of a disk particle.
ID Mdm (10
10M) Ms (108M) Rs (kpc) Mbh (105M)
Mbh
mp
Rbh (pc) Nbh Comments
M1 1.0 3.6 0.88 0.3 83.3 176 10 fiducial model
M2 1.0 3.6 0.88 0.1 27.8 176 10
M3 1.0 3.6 0.88 1.0 277.8 176 10
M4 1.0 3.6 0.88 0.03 8.3 176 10
M5 1.0 3.6 0.88 0.3 83.3 176 10 no nucleus
M6 1.0 3.6 0.88 0.1 27.8 176 10 no nucleus
M7 1.0 3.6 0.88 1.0 277.8 176 10 no nucleus
M8 1.0 3.6 0.88 0.03 8.3 176 10 no nucleus
M9 0.1 0.36 0.55 0.3 833.3 110 10 low-mass model
M10 0.1 0.36 0.55 0.1 277.8 110 10 low-mass model
M11 0.1 0.36 0.55 1.0 2777.8 110 10 low-mass model
M12 0.1 0.36 0.55 0.03 83.3 110 10 low-mass model
M13 0.1 0.36 0.55 0.3 833.3 275 10 low-mass model
M14 0.1 0.36 0.55 0.1 277.8 275 10 low-mass model
M15 0.1 0.36 0.55 1.0 2777.8 275 10 low-mass model
M16 0.1 0.36 0.55 0.03 83.3 275 10 low-mass model
M17 1.0 3.6 0.88 0.3 83.3 [44 - 440] 10 distance varies linearly
M18 1.0 3.6 0.88 1.0 833.3 [44 - 440] 10 distance varies linearly
M19 1.0 3.6 1.75 0.3 83.3 350 10
M20 0.3 1.3 0.48 0.1 92.6 96 10
M21 1.0 3.6 0.88 [0.01 - 3] [2.8 - 833.3] 176 6 different Mbh masses
M22 1.0 3.6 0.88 0.3 83.3 176 10
M23 1.0 3.6 0.88 [0.01 - 3] [2.8 - 833.3] 176 6 different Mbh masses
M24 1.0 3.6 0.88 0.1 27.8 [88 - 880] 10 distance varies linearly
M25 1.0 3.6 0.88 0.3 83.3 [88 - 880] 10 distance varies linearly
M26 1.0 3.6 0.88 1.0 277.8 [88 - 880] 10 distance varies linearly
M27 1.0 3.6 0.88 0.03 8.3 [88 - 880] 10 distance varies linearly
M28 1.0 3.6 0.88 10.0 2777.8 [88 - 528] 6 distance varies linearly
M29 3.0 10.8 1.52 1.0 92.6 305 10
M30 0.03 0.1 0.15 0.1 925.9 31 10
M31 0.03 0.1 0.15 0.01 92.6 31 10
M32 3.0 10.8 1.52 10.0 925.9 305 10
(δt) is chosen to be rather small ([104 − 105] yr) in compar-
ison with galaxy-scale simulations, though such narrow δt is
not required for the dynamical evolution of dwarf galaxies.
We did not include gas dynamics, star formation, chemical
evolution, stellar feedback effects, the formation and evolu-
tion of dust and molecular gas formation on dust grains in
the present study, though our other galaxy-scale simulations
included these processes in a self-consistent manner (Bekki
2007, 2013). This is mainly because because orbital evolu-
tion of IMBHs might not be influenced by such baryonic
processes. However, if efficient accretion of cold gas onto
IMBHs is possible in dwarfs, then the orbital evolution of
IMBHs can be significantly influenced by such a process.
We will discuss how this IMBH growth via gas accretion
can influence MBH formation in our future works.
2.2 Host galaxies for IMBHs
We assume that the host galaxy for IMBHs is a dwarf disk
galaxy with stellar galactic nucleus embedded in a massive
dark matter halo. In this preliminary works, we only in-
vestigate the models with no gas, though hydrodynamical
interaction between ISM and IMBHs can possibly influence
the orbital evolution of IMBHs within dwarf galaxies. The
total masses of dark matter halo, stellar disk, and nucleus
of a dwarf galaxy are denoted as Mdm, Ms, and Mnuc, re-
spectively. We adopt the density distribution of the “NFW”
halo (Navarro et al. 1996) derived from previous CDM simu-
lations in order to describe the initial density profile of dark
matter halo in a dwarf galaxy with IMBHs:
ρ(r) =
ρ0
(r/rs)(1 + r/rs)2
, (1)
where r, ρ0, and rs are the spherical radius, the characteris-
tic density of a dark halo, and the scale length of the halo,
respectively. The c-parameter (c = rvir/rs, where rvir is the
virial radius of a dark matter halo) and rvir are chosen ap-
propriately for a given dark halo mass (Mdm) by using the
c −Mh relation for z = 0 predicted by recent cosmological
simulations (e.g. Neto et al. 2007). For the adopted mass
ranges of Mdm, we consider that c = 16 is a quite reason-
able value. In the present study, we mainly investigate dwarf
galaxies with Mdm ranging from 10
9 M to 1010 M and
Rvir ranging from 7.7 kpc to 24.5 kpc.
We assume that the stellar disk of a dwarf galaxy can
be represented by the so-called exponential profile. Accord-
ingly, the radial (R) and vertical (Z) density profiles of the
stellar disk are assumed to be proportional to exp(−R/R0)
with scale length R0 = 0.2Rs and to sech
2(Z/Z0) with scale
length Z0 = 0.04Rs, respectively, where Rs is the size of the
stellar disk. In addition to the rotational velocity caused by
the gravitational field of disk, bulge, and dark halo compo-
nents, the initial radial and azimuthal velocity dispersions
are assigned to the disc component according to the epicyclic
theory with Toomre’s parameter Q = 1.5. The vertical ve-
locity dispersion at a given radius is set to be 0.5 times as
large as the radial velocity dispersion at that point. The
c© 2005 RAS, MNRAS 000, 1–??
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mass-ratio of the stellar disk to its dark matter halo is as-
sumed to rather small ranging from 0.01 to 0.03, which is
consistent with the mass scaling relation between stars and
dark matter observed in low-mass galaxies (e.g. Papastergis
et al. 2012). It could be possible that small disk galaxies can
have small bulges, we do not investigate the models with
small bulges in the present study. Small bulges are highly
unlikely to influence the orbital evolution of IMBHs.
We assume that an initial stellar nucleus in a dwarf
galaxy has a Plummer spherical density profile (e.g. Binney
& Tremaine 1987) with a total stellar mass (Mnuc), and a
size (Rnuc). In a Plummer model, the scale length (anuc) of
the system is determined by the formula
anuc = GMnuc/6σnuc
2, (2)
where G is the gravitational constant and σnuc is a central
velocity dispersion of the nucleus. In the present study, we
do not consider initial angular momentum of the nucleus, be-
cause the orbital evolution of IMBHs might not be influenced
by the angular momentum. Therefore, the above equation is
appropriate for the adopted stellar systems with no initial
angular momentum (i.e., dynamically supported only by ve-
locity dispersion). Since observational studies showed that
the total masses of stellar galactic nuclei can be proportional
to those of the stellar components of their host galaxies (e.g.,
Cote et al. 2006), we assume that Mnuc is proportional to
Ms. We adopt Mnuc = 1.8 × 107 M and Rnuc = 44 pc for
Mdm = 10
10 M and Mnuc = 1.8 × 106 M and Rnuc = 28
pc for Mdm = 10
9 M.
2.3 IMBH models
Each IMBH in a dwarf galaxy is represented by a point-
mass particle with a mass (Mbh), and it is initially in the
host galaxy’s disk: IMBHs initially in the dark matter halo
are not considered in the present study, though they can
possibly sink into the central region due to DF against the
dark matter particles. Each IMBH is assumed to have a
circular velocity at its initial position (i.e., no radial motion
initially) and different IMBHs have different initial positions
within their dwarf galaxy. Although recent cosmological sim-
ulations have investigated the evolution of 3D positions of
primordial IMBHs (e.g. Barai & de Gouveia Dal Pino 2019),
there are no robust predictions provided for the 3D posi-
tions of IMBHs within their host dwarf galaxies. We thus
investigate a larger number of models with different IMBH
positions in the present study. We assume that each dwarf
galaxy can contain 10 IMBHs within its disk, though it is
not theoretically and observationally clear how many IMBHs
can possibly exist in a dwarf galaxy.
We consider that the following parameter, Rm, is quite
important in the orbital evolution of IMBHs due to DF in
dwarfs:
Rm =
mp
Mbh
, (3)
where mp is the mass of a particle. If this mass-ratio Rm is
quite small, then dynamical friction of IMBHs can be prop-
erly investigated. For example, Rm for disk star particles
is < 0.1 in the models with Mbh > 3 × 103M. Therefore,
we can properly investigate the DF of IMBHs against disk
field stars in dwarfs. However, Rm for dark matter particles
can be larger than 1 in the models with low-mass IMBHs.
Accordingly, we cannot investigate the dynamical friction of
IMBHs against dark matter in the present study.
2.4 Parameter study
We consider that the model M1 is the fiducial model in which
10 IMBHs are assumed to be moving within a dwarf galaxy
with Mdm = 10
10 M, Ms = 3.6×108 M and Rs = 875 pc,
because this model and those with different IMBH masses
shows interesting behaviours of orbital evolution of IMBHs.
The total number of particles in the fiducial model is 200000,
1000000, and 100000 for dark matter, stellar disk, and stel-
lar nucleus, which leads to particle masses of 50000, 360
and 180 M respectively. These large particle masses are re-
quired to keep the computational cost reasonably low, how-
ever, as we can see in Table 2 the ratios between the IMBH
masses and the stellar masses are still large enough to re-
alistically simulate the effect dynamical friction would have
on the IMBHs. Different softening lengths are allocated for
different components of a dwarf (dark matter, stellar disk,
and nucleus) so that the evolution of IMBHs within the
stellar disk and its nucleus can be both investigated self-
consistently. The mass and size resolution in the model are
360 M and 5.9 pc, respectively, for the stellar disk. The
IMBHs are treated as massive disk particles and therefore
have the same softening length as the disk stars (5.9 pc).
The parametres of the fiducial model are summarized in Ta-
ble 1. We mainly investigate 27 models with different model
parameters and the parameter values and ranges are sum-
marized in Table 2.
To determine whether a central MBH can form via
merging of several IMBHs or not we have to investigate three
questions, which we will answer in the next sections:
1. Can IMBHs spiral into the galaxies centre due to DF
before the nucleus is stripped by tidal forces?
2. Are enough IMBHs trapped in the nucleus to form a
central cluster of IMBHs?
3. Do enough IMBHs merge to form a central MBH?
Regarding the first question, the IMBHs need to spi-
ral into the central regions of stellar nuclei due to dynam-
ical fraction in dwarfs before the disintegration of dwarfs
through tidal interaction of the dwarfs with their environ-
ments (e.g., luminous galaxies, groups, and clusters). There-
fore, the dynamical friction time scale (tdf) should be shorter
than the disintegration time scale (tdis):
tdf < tdis. (4)
Previous numerical simulations of UCD formation through
galaxy threshing demonstrated that tdis should be at least a
few Gyr (e.g. Bekki et al. 2003). Therefore, we consider that
tdf should be as short as 1 Gyr for MBH formation via IMBH
migration into stellar nuclei (before host disintegration) in
the present study. Since tdis can be quite different depending
on the orbits of dwarfs within their host environments, the
adopted tdf ≈ 1 Gyr can be a bit too short.
c© 2005 RAS, MNRAS 000, 1–??
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Figure 1. Orbital evolution of IMBHs with different masses over
1 Gyr in four models with Ms = 3.6× 1010 M. The mass of
each IMBH is shown in the top right corner, while the model
ID is displayed in the top left corner of each panel. The galaxy
parameters are the same as for the fiducial model. The blue square
marks the starting point for each IMBH while the red dot marks
its final point.
3 RESULTS
3.1 DF depending on the model parameters
We start by investigating whether and how IMBHs can spiral
into the nucleus due to dynamical friction within 1 Gyr. Ex-
amples of orbits from our simulations in the fiducial model
can be seen in Fig. 1. It is clear that the effect of DF against
the field stars gets stronger with the mass of the IMBH until
the IMBH ends up near the centre of mass (COM) of the
galaxy, as can be seen in the bottom right panel. Accord-
ing to theoretical calculations by Chandrasekhar (1943) the
time scale of DF is inversely proportional to the IMBH mass:
our results are consistent with these analytical predictions.
As we will see below, there could be a threshold mass for
the IMBHs to be sunk into the nucleus within 1 Gyr within
dwarf disk galaxies.
We compiled the results of simulations with different
model parameters in Figs. 2 and 3. In both Figs. the models
are sorted by Mbh with the lowest mass (3×103 M) to the
far left and the models with the highest masses (105 M) to
the far right. It is clear that only massive IMBHs can reach
the centre within 1 Gyr. The models in Fig. 2 all have the
same disc parameters as our fiducial model. As we can see,
independent of the presence of a nucleus only the IMBHs
with a mass of 105 M sink into the galaxy’s centre within
1 Gyr. However, DF appears to be a little more efficient in
models without a nucleus initially. This can be explained
by the lower relative velocities between the IMBHs and the
field stars of the dwarf disk: the DF time scale depends also
on relative velocities.
Comparing these results to the low-mass models shown
in Fig. 3, we note that for lighter galaxies IMBHs with
3× 104 M sink towards the centre within 1 Gyr as well
as the ones with 105 M. The threshold mass is therefore
smaller than for our fiducial model. This lower required mass
was to be expected due to the lower velocity dispersion
(lower relative velocities between IMBHs and field stars) in
these models. We see a continuation of this trend in ap-
pendix B, where we discuss DF in extreme dwarfs. Fig. 3
also shows a comparison between models with different ini-
tial IMBH distances (upper row vs. lower row). As expected,
IMBHs that start further away from the galactic centre take
longer to reach the centre. However, as we can see, 1 Gyr is
still sufficient for IMBHs with a mass of 3× 104 M even if
they start at a distance of 0.5Rs to reach the COM. Com-
paring between distance from galaxy center and BH mass,
the latter plays, therefore, a dominant role.
In Fig. 4 we can see the number of IMBHs depending
on their final distance to the COM of the nucleus (stars
for models without a nucleus) over their initial distance. As
we can see, the majority of the IMBHs move closer to the
COM, with a lot of them ending up within 20 per cent of
Ri, where we can find the largest number of IMBHs. Again
we see that the effect of dynamical friction is stronger for
heavy IMBHs. No IMBH with a mass of less than 104 M
is found within 20 per cent of its initial radius while most
of the IMBHs with 105 M can be found in this bin. As
the lighter IMBHs are not affected by dynamical friction as
strongly, a second maximum can be seen around the initial
distance. This shows that the dynamical friction is very weak
for those lighter IMBHs.
The number of IMBHs depending on the absolute value
of their final distance to the COM is shown in Fig. 5. Again
we see that only heavy IMBHs move towards the COM. Only
IMBHs with masses higher or equal than 3 × 104 M can
be found within 10 pc of the COM; and only IMBHs with
masses higher or equal to 104 M are visible within 20 pc of
the COM, where we can find 63 IMBHs (24 per cent of the
total IMBHs). Only two of those have a mass of 104 M,
while the masses of the others are at least 3× 104 M. A
maximum can be found between 100 and 158 pc which is
close to the initial distances of most of our models (176 pc
for our fiducial model, 110 and 225 pc for the low-mass mod-
els). No clear trend is visible within the lowest 20 pc. This
is the region where the IMBHs form a cluster and there-
fore influence each other. Because of our model’s limitations
(large softening length), we cannot simulate the behaviour
of dense IMBH clusters accurately. Future simulations with
e.g. NBODY6 will be required to accurately model the be-
haviour of the IMBHs in this region.
A comparison between the initial and final distances of
the IMBHs from the COM can be seen in Fig. 6. The identity
is shown as a blue line. The graph shows a lot of dispersion
due to the chaotic nature of our model. However, it can be
seen that in general the distances are reduced, which is to be
expected if the IMBHs are subject to dynamic friction. We
also see that the effect is strongest for the models with IMBH
masses of 105 M. While those heavy IMBHs can almost all
be found far below the identity, showing that they moved
closer to the COM of the galaxy, the distances of most of
the light IMBHs did not change significantly.
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Figure 2. Time evolution of the distances between the IMBHs and the galactic centre. The mass of the IMBHs is shown in the upper
left. W/ Nucleus and W/O Nucleus means the models with or without stellar nuclei, respectively. The model names are shown in the
top right corner. Different colours denote different IMBHs.
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Figure 3. The same as Fig. 2 but for low-mass models with Ms = 3.6× 107 M. The IMBHs in the top row start at a distance of 0.2 Rs
from the centre and the ones in the bottom row from 0.5 Rs.
3.2 Trapping IMBHs in the nucleus
If the IMBHs shall be left over in the UCD after the dwarf
galaxy was tidally stripped, they have to be inside the nu-
cleus at that time. Otherwise, they would be removed with
the rest of the disk. We found that in our models with heav-
ier IMBHs, some of the IMBHs were indeed trapped in the
nucleus. An example of this can be seen in Fig. 7, where
we show the eight IMBHs of M3 that were trapped in the
nucleus. It is clearly visible, that the IMBHs gather in the
central region of the nucleus. However, while those eight
IMBHs are within 10 pc of the COM not all IMBHs spiral
in. The remaining two IMBHs were at a distance of around
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Figure 4. The final distances Rf of the IMBH over their initial
distances Ri are shown for all models. IMBHs of different mass
are shown in different colours as shown in the top right. The
extreme models starting from M28 are excluded from this graph.
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Figure 5. The same as Fig. 4 but for Rf (logarithmic scale).
162 and 270 pc respectively with an initial distance of 176 pc
for all IMBHs in this model. These large radii would be due
to the epicyclic motions of these IMBHs caused by the grav-
itational potential of their dwarf and interaction with other
IMBHs. We can also see that there are still plenty of stars in
between the IMBHs. In our simulation the stars belonging
to the nucleus have a smaller softening length (0.5 pc) than
the IMBHs (5.9 pc). The large softening length prevents the
IMBHs from getting closer to each other. From our present
simulation we cannot see whether the IMBHs would form
an even tighter cluster. We will discuss the possible further
evolution of the central “IMBH cluster” in section 4.2.
The final distances of the IMBHs to the COM of all
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Figure 6. The final distances of the IMBHs in relation to their ini-
tial distances for all models. Sorted by the masses of the IMBHs.
The identity is shown in blue. The extreme models starting from
M28 are excluded from this graph.
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Figure 7. Distribution of stars (blue dots) and IMBHs (big red
dots) projected onto the x-y-plane for the central 30 pc of a dwarf
in model M3 after 1 Gyr. The initial distance of these IMBHs was
167 pc. This newly developed IMBH cluster can possibly merge
to form a single MBH in the present scenario.
models are shown in Table 3. As we can see for models with
galaxy parameters similar to our fiducial one, central clus-
ters only form in models with IMBH masses of 105 M. In
our low mass models we have central clusters for models with
3 × 104 M as well. In our models with low IMBH masses
however only a single or no IMBH reaches the COM.
The five IMBHs to reach the COM in M3 first are shown
c© 2005 RAS, MNRAS 000, 1–??
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Figure 8. Orbital evolution of IMBHs in model M3. The orbits are
shown between T = 0.816 Gyr and T = 0.832 Gyr. The IMBH
positions at T = 0.832 Gyr are marked with black dots.
Table 3. The number of IMBH that are closer than 20 pc or be-
tween 20 and 50 pc to the COM of the nucleus for each model.
For the models without a nucleus the COM of the galaxy’s stars
is used instead.
Model ID Nbh (Rf < 20 pc) Nbh (20 pc < Rf < 50 pc)
M1 0 0
M2 0 0
M3 8 0
M4 0 1
M5 0 1
M6 0 1
M7 7 1
M8 0 1
M9 10 0
M10 1 0
M11 10 0
M12 0 0
M13 6 3
M14 0 0
M15 10 0
M16 0 0
M17 1 1
M18 4 0
M19 0 0
M20 1 0
M21 2 0
M22 0 0
M23 1 0
M24 0 0
M25 1 0
M26 1 0
M27 0 0
M28 3 3
M29 0 0
M30 10 0
M31 9 1
M32 10 0
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Figure 9. Time evolution of distances of different IMBHs in model
M13 (shown in different colours) to one specific IMBH in the
model. It can clearly be seen that this IMBH formes a binary
with another one visible in blue at around T = 0.4 Gyr.
in Fig. 8 between T = 0.816 and 0.832 Gyr. At this time
the formation of the central cluster starts and it can be
seen that the orbits of the IMBHs shrink rapidly due to
dynamical friction against the stellar nucleus. In the case of
the first two IMBH to reach the COM they reach less than
10 pc at 0.832 Gyr. We can also see the other IMBHs spiral
in around them. The exact behaviour of the IMBHs after
forming a central cluster needs to be investigated in future
simulations.
Although Mbh = 10
6 M is too big for IMBH thus
would not be a reasonable in this parameter study, we anal-
ysed a model withMbh = 10
6 M as an extreme test, to gain
a better understanding of the importance of BH masses in
the orbital evolution of IMBHs. The dwarf galaxy for this
model has the same parameters as the fiducial model. The
results are discussed in Appendix A. Furthermore, the re-
sults for models with very massive (Mdm = 3× 1010 M)
and very low-mass (3× 108 M) dark matter halo are de-
scribed in Appendix B.
3.3 Binary formation
Another important aspect of this study is the formation of
IMBH binaries, which may lead to mergers emitting GWs.
It should be noted that our code cannot compute mergers
or simulate the behaviour of close binaries accurately due
to the large size resolution of the models of 5.9 pc and GW
physics not being included.
To spot binaries, we first plotted the distances of the
IMBHs to each other. An example of this can be seen in
Fig. 9, which shows the distances of the IMBHs of M13 to
one of the binary forming IMBHs. It can clearly be seen that
one of the other IMBHs (visible in blue) stays within 10 pc
to it between 0.4 and 0.6 Gyr. The binary dissolves after
two close encounters with other IMBH. After we identified
the potential binary, we can have a look at its orbits.
c© 2005 RAS, MNRAS 000, 1–??
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Figure 10. Four examples of IMBH binaries forming in our sim-
ulations. All of them are plotted relative to one of the IMBHs
marked with a cross. The position of the IMBHs at the beginning
of the time interval given below are shown with a blue square, at
its end with a red dot. The model Ids are given at the top left
of each panel. Panel A shows a binary forming in M13 between
T = 0.367 Gyr and T = 0.430 Gyr. The orbit of a third IMBH
that was interfering with the binary is plotted in grey. It enters
from the top at T = 0.412 Gyr and leaves towards the bottom
at T = 0.416 Gyr. Panels B and C show binaries that formed in
M15. They are shown between T = 0.056 Gyr and T = 0.080 Gyr,
and between T = 0.195 Gyr and T = 0.207 Gyr respectively. Fi-
nally, we show a binary that formed in M18 in panel D. It formed
between T = 0.550 Gyr and T = 0.564 Gyr. It should be noted
here that the binary orbits are quite diverse ranging from almost
circular orbits to highly elongated ones.
The first 3 orbits of this binary after its formation are
shown in Fig. 10 A. As can be seen in this figure, their orbits
are elongated (larger orbital eccentricities). We have identi-
fied a third IMBH (visible in yellow in Fig. 9), influencing the
forming binary, which we plotted as a gray line. This IMBH
seems responsible for the elongated orbit of the IMBH. At
the time of the binary formation, the IMBHs were about
100 pc away from the galactic centre. The IMBHs in Fig.
10 B are about 160 pc away from the COM while forming
an IMBH binary and the ones in Figs. 10 C and 10 D are
less than 20 pc away from the COM. The binaries in Figs.
10 B and 10 C belong to M15, while the one in Fig. 10 D
formed in M18. In addition to the binaries shown here, the
two heaviest IMBHs of M21 formed a binary when reaching
the COM. We also had models where two IMBHs were part
of a binary from the start. M7, M9 and M15 had one initial
binary each while two such binaries were present in M11.
From this we can conclude that, while binary forma-
tion is rare for our assumed initial IMBH number before the
IMBHs reach the COM, binaries can form at any distance
from it. While the number of IMBHs could be higher in a
real galaxy, in most of our models we put all IMBHs at a
similar initial distance from the galactic COM. This does
not necessarily need to be true in reality, making IMBHs
encounters rarer. The binary in Fig. 10 D stays bound for
about 0.2 Gyr until other IMBHs join it and form a central
cluster. Similarly, the other binaries we found stay bound
for a few 10−1 Gyr until they dissolve, usually due to an
encounter with another IMBH. However, the majority of
IMBHs reaches the COM of the nucleus without becoming
part of a binary prior to reaching the COM.
Because of our large scale length, we cannot say if dis-
tinct binaries would form in the central IMBH cluster or
not. However, if such binaries form, it is quite likely that
those binaries would quickly harden due to encounters with
nearby stars. This is especially true in the presence of a nu-
cleus, which would increase amount of stars near the COM.
We will discuss the merger process of those IMBHs further
in section 4.2.
4 DISCUSSION
4.1 Can IMBH mergers sufficiently explain MBH
formation?
In the last section we showed that IMBHs can spiral into the
nucleus and then the get trapped there. However, as we saw
in section 3.1 only heavy IMBHs spiral in. For our fiducial
model, which has a galaxy mass of 1.036× 1010 M, their
masses need to be at least around 105 M. The four central
BHs we have observed in UCDs so far had masses between
3.5 × 106 (Afanasiev et al. 2018) and 2.1 × 107 M (Seth
et al. 2014). Can BHs of this size be built from numerous
IMBHs within the central regions of dwarf galaxies?
For this study we neglect the mass lost due to GW ra-
diation so that all of the mass from merging IMBHs adds
to the final mass of the central MBH. Therefore, to create a
light MBH of 106 M, we need more than 10 of our heavi-
est IMBHs. For the heaviest MBH observed in an UCD so
far, that number rises to over 210. We also want to note
that not necessarily all IMBHs reach the COM. For ex-
ample in M3 only 80 per cent of the IMBHs are trapped
in the nucleus. Additionally, Rasskazov et al. (2019) found
that IMBHs merging in GCs could experience strong recoil
kicks with kick velocities of over 103 km s−1 due to asym-
metric GW emission. This could be strong enough to eject
the IMBHs from the nucleus again. Therefore, the required
number of IMBHs could be a lot higher than estimated here.
Quantifying the number of IMBHs expected to form in
a galactic disk is difficult as IMBHs are hard to detect obser-
vationally. As we saw heavy IMBHs, which we would require
in our scenario, also spiral in within a relatively short time
frame and therefore the window of opportunity to detect
them is relatively short. If the hypotheses for IMBH forma-
tion we mentioned in the introduction are correct we could
try to reduce the required number of IMBHs in a dwarf for
the adopted MBH formation scenario. For example, if stel-
lar nuclei are formed from merging GCs initially, then stellar
nuclei might have a number of IMBHs already. However, as
discussed by previous studies of IMBHs in GCs (e.g. Baum-
gardt et al. 2019), the masses of IMBHs in massive galactic
GCs can be rather small (< 104 M). So, this idea might
not be so promising.
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4.2 GW radiation from binary IMBHs
In our simulation we showed that especially heavy IMBHs
spiral into the centre of the nucleus, where they form a clus-
ter with less than 10 pc between individual IMBHs. We also
explained that we cannot resolve smaller distances between
IMBHs due to our large softening distance. What we would
expect to happen after the binary formation would be the
hardening of the binary due to the encounters with the sur-
rounding stars. If the binary reaches a certain distance en-
ergy loss through GW generation becomes dominant and
the binary merges emitting GWs.
When the IMBHs binary encounters stars it will harden
by ejecting the lighter stars. This is no problem as long as
the IMBH binary is still moving towards the COM. If the
IMBHs are already in the centre of the galaxy, a loss cone
will form around the binary. The question becomes whether
or not this loss cone can be refilled with stars quickly enough
for the binary to harden sufficiently to reach the distance
where GW emission becomes efficient. If this is not the case
the binary evolution stalls at a distance of less than 1 pc.
This is known as the final parsec problem (Milosavljevic´ &
Merritt 2003). In our model, however, we saw that most
IMBHs reach the COM without becoming part of a binary.
Therefore, several IMBHs meet at the COM of the dwarf
galaxy, so that the interactions of the IMBHs among each
other could lead to the quick formation of tight binaries
and increase the number of mergers. The same interactions
could, on the other hand, also lead to ejections of IMBHs
further increasing the required number of IMBHs.
However, could we detect the GWs emitted by our
IMBH mergers? LISA’s detection limits are shown in Fig.
2 from Jani et al. (2019). According to this, LISA can de-
tect BHs between 104 and 109 M depending on the IMBH
binary’s properties and its redshift. The masses required by
our model are within those boundaries. Therefore, the merg-
ers leading to a central MBH in a UCD or stellar nucleus
should be detectable using LISA given the BHs are at a low
enough redshift. It remains to be investigated in the future
how many IMBH mergers are possible in UCDs and stellar
nuclei of dwarfs for a fixed volume at low redshifts in order
to estimate the detection rate of IMBH merging in LISA.
4.3 Future work
One of the questions left open is: How many seed IMBHs
can we expect in the disk of a dwarf galaxy and how mas-
sive are they? GW detections by LISA might be able to shed
some light on this issue by detecting IMBH mergers. How-
ever, as LISA can only detect IMBHs mergers and not single
individual IMBHs in dwarfs, we need to look other effects
like X-ray signals due to the accretion of cold gas on these
single IMBH. Additionally, theoretical and numerical work
quantifying the expected number of IMBHs in galactic disks
is required.
A major part still to be investigated is the final stage
of merging the IMBHs. One possible approach would be to
investigate only the final stage after the IMBHs were al-
ready trapped in the nucleus. In this case the influence of
the outer disk stars can be neglected. Using this smaller sys-
tem we have more resources to use smaller timesteps and a
smaller softening length, which would allow us to observe
the hardening of our binaries to get a better understanding
of the time scales up to the actual merger. In particular, this
could tell us whether or not binaries can reach the distance
at which GW emission becomes important. However, this
distance is very small. Even for very massive BHs (108 M)
the estimated distance at which GWs become important is
at around 10−2 pc (Vasiliev 2016). To simulate the last bit
GW physics would be required which means that we needed
a completely different code.
Another question which would be answered in these
more detailed simulations is what portion of the IMBHs
contributes to the final MBH and how many of them are
ejected due to 3-body-interactions and recoil kicks. Hurley
et al. (2016) simulated a similar scenario for stellar mass
BHs in GCs. They found that the majority of BHs were
ejected. If similar results were found for IMBHs in dwarf
galaxies this would heavily increase the number of IMBHs
required by our model. Additionally, it would be interesting
to learn how these effects affect the dynamical evolution of
the UCD.
In our current work, we assumed that our system only
consists of stars, dark matter and IMBHs. However, for
a more realistic model the influence of other components
should be investigated as well. Especially the accretion of
gas could influence the result significantly. While gas accre-
tion would add some mass to the IMBHs, DF is less efficient
for gas than it is for stars due to the collisional nature of
gas. Therefore, the complete investigation we did here had
to be repeated after adding gas, to investigate the effect on
BH dynamics as well.
5 CONCLUSIONS
We have investigated whether MBH formation through the
merging of IMBHs is possible in dwarf galaxies using Nbody
simulations. We have assumed that (i) each IMBH is repre-
sented by a point-mass particle, (ii) IMBHs cannot grow
through accretion of interstellar medium (ISM) of their host
dwarf galaxies, and (iii) IMBHs can gravitationally interact
with other IMBHs and stars and dark matter of their hosts
(no hydrodynamical interaction with ISM owing to no inclu-
sion of ISM). We have mainly investigated how dynamical
friction of field stars of dwarf galaxies can influence the or-
bits of IMBHs within the dwarfs. The principle results are
as follows:
1. Only the most massive IMBHs (105 M for large dwarf
galaxies (≈ 1010 M) and 3 × 104 M for small ones
(≈ 109 M)) spiral in due to DF of IMBHs against
disk field stars within less than 1 Gyr. There is a posi-
tive correlation between dwarf mass and threshold mass
for IMBHs being able to spiral into the dwarf’s COM
quickly enough. However, in a galaxy with 3 times the
mass of our fiducial model the threshold mass exceeds
105 M, while for a galaxy with a third of our low-mass
model even 103 M can spiral into the COM within 1
Gyr. The masses of IMBHs and the dwarfs are the main
factors that determine whether the IMBHs spiral in or
not. DF is stronger for heavier IMBHs and in smaller
dwarfs. The initial distance and the presence or absence
of a nucleus have only little influence.
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2. Binary IMBHs in dwarf galaxies can form both after the
IMBHs reach the nucleus and before. However, the lat-
ter is quite rare. While we could observe binary forma-
tion in our simulations, we could not observe the hard-
ening of the binaries due to the relatively large grav-
itational softening length used. As most binaries form
inside the nucleus, simulating only the nucleus with a
smaller softening length could give us further inside in
the behaviour of IMBH binaries. Therefore, future sim-
ulations using a different code, e.g. NBODY6, are re-
quired and for the final merger modelling energy loss
due to GWs will be required as well.
3. We expect that merging of massive IMBHs with Mbh ∼
105 M can occur mostly in the central regions of
dwarfs. Given theese high masses, we expect the merger
to emit GWs that could be detected by LISA if they are
within dwarfs at lower redshifts.
4. At present we cannot say how many IMBHs should be
expected in the disk of a dwarf galaxy. Our model re-
quires at least 10 IMBHs for a small MBH (106 M) to
form. The required number is even larger if we take into
account that not all IMBHs necessarily reach the centre
and that mass is lost due to GW and possibly ejections.
The number of IMBHs required for large MBHs to form
is quite large (> 200 for the heaviest MBH found in an
UCD thus far). It is unknown if such a high number of
IMBHs can exist in the disk of a dwarf galaxy. There-
fore, future simulations should investigate the role of
gas accretion in MBH formation as well.
From the present work, we can conclude that it is pos-
sible that the MBHs observed in UCDs formed through
IMBHs mergers, though a high enough number of IMBHs
initially in dwarfs is required. However, more research is re-
quired to confine the possible number and masses IMBHs
in the disk of a dwarf galaxy. Additional more detailed in-
vestigations of the hardening of IMBH binaries and their
mergers are needed. Investigating other processes contribut-
ing to BH growth, such as gas accretion, would contribute
to completing the picture as well.
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APPENDIX A: SIMULATIONS WITH LARGER BHS
In addition to testing the effects of DF on IMBHs, we tested
what happens if we have 106 M BHs from the start in
model M28. The evolution of the MBH orbits can be seen
in Fig. A1 in the appendix. The BH in this model reach
the galaxy’s COM after less then 0.2 Gyr and, therefore,
a lot faster than for example the BHs in M3, which are a
factor of 10 lighter, while the galaxy’s parameter stay the
same. This is to be expected, because the more massive BHs
have a larger sphere of influence, therefore increasing the
deceleration the BHs experience. In Table 3 we can see, that
only 3 of the six MBH end up within the inner 20 pc of the
nucleus. The other 3 are within the central 50 pc. This is due
to the highly eccentric orbits the MBHs have due to their
interactions with one another. This leads to a total BH mass
of 6× 106 M in the central cluster, which is within the
range of observed MBHs in UCDs (3.5×106 to 2.1×107 M).
No evidence of binaries forming before the MBHs reach the
galaxies COM. Because of our small sample we cannot derive
a general conclusion from this. We can, however, conclude
from the quick descent of the MBHs into the dwarf’s COM
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Figure A1. The six IMBHs of M28. This models parameter’s are
the same as for the fiducial model, which means that the dwarf’s
mass is at 1.036× 1010 M. However, the IMBH in this model
have a mass of 106 M. Different colours denote different BHs.
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Figure B1. Two different models for a heavy dwarf. The model ID
can be seen in the top right, while the BH mass is shown in the
top left of each panel. Different colours denote different IMBHs.
With a mass of 3.108× 1010 M this galaxy’s mass is 3 per cent
of that of the Milky Way and 3 times that of our fiducial model.
 0
 5
 10
 15
 20
 25
 30
 35
 40
 0  0.2  0.4  0.6  0.8  1
D
is
ta
n
ce
 (
p
c)
Time (Gyr)
Figure B2. 10 104 M IMBHs in a smaller galaxy in model M30.
Different colours denote different IMBHs. This galaxy’s mass is
3.1× 108 M, less than a third of that of our low-mass models.
that such an event would be highly improbable as there is
only little time for those binaries to form.
APPENDIX B: SIMULATIONS WITH DIFFERENT
GALAXY MASSES
The results of our models with the heaviest dwarf, M29 and
M32, can be seen in Fig. B1. While the distances of the
c© 2005 RAS, MNRAS 000, 1–??
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IMBHs to the dwarf’s COM fluctuate rapidly in model M29,
none of the IMBHs gets to a distance closer than 100 pc. No
general trend is visible. This can be explained through the
high velocities of the stars that lead to them only having
short encounters with the IMBHs and therefore a low DF
deceleration. Because of this the threshold mass for BH of
105 M we found for our fiducial model does not apply here.
As we can see looking at model M32 106 M BHs do spiral
into the dwarf’s COM. This means that the threshold mass
is shifted to higher values.
The opposite effect can be seen for models M30 and
M31. As a result of their low velocities, DF is very efficient
and we can see the IMBHs move towards the dwarf’s COM
quickly. An example of this can be seen in Fig. B2, where
ten 104 M IMBHs move to an orbit with less than 20 pc
in less than 0.2 Gyr. From Table 3 we can see, that even
small 103 M IMBHs reach the COM in less than one Gyr.
This continues the trend we already observed, namely that
the threshold mass for IMBHs to be able to reach the COM
within 1 Gyr is lower in lighter dwarfs and higher in heavier
dwarfs. While there is an initial binary in both M30 and
M31, no binaries form during the evolution of any of the four
models discussed here before the IMBHs reach the dwarf’s
COM.
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